We have developed a cell-free system from frog eggs that efficiently initiates and completes a single round of semi-conservative replication. 
Introduction
Eukaryotic DNA replication is controlled in a remarkable way, which is quite different from its biochemical counterpart, transcription. The initiation of new replication forks is strictly periodic, occurring only in a discrete period of the cell cycle. Furthermore, initiation events in S phase only take place on DNA that has not already been replicated in that cell cycle. This means that the entire genome is replicated precisely once in each cell cycle. Over-or under-replication of even small sections of DNA could be fatal to a cell. However, very little is known about the mechanisms that eukaryotes use to constrain DNA replication to a single, precise replication of the genome in each cell cycle.
One of the major limitations to understanding the control of DNA replication in eukaryotes has been the lack of cell-free systems that are amenable to biochemical analysis. In particular, it has been difficult to recreate the initiation of replication forks on double-stranded DNA in vitro using eukaryotic cell extracts. This difficulty may in fact reflect the tight controls that exist in vivo on the initiation process.
One alternative is to study the initiation events occurring at viral origins of replication. Cell-free systems have been developed that support adenovirus (Chalberg and Kelly, 1979) and SV 40 (Li and Kelly, 1984; Stillman and Gluzman, 1985; Wobbe et al. 1985) DNA replication in vitro. These systems have yielded much information about the mechanics of replication in eukaryotes. However, since viral replication is characterised by amplification of viral DNA within the cell, these systems may not tell us very much about the way the cellular DNA replication is controlled.
Our approach has been to recreate the initiation of cellular DNA replication in vitro. As starting material we have used eggs of the South African clawed toad, Xenopus laevis. These eggs contain a large stockpile of material required for undergoing the rapid series of cell divisions that occur after fertilisation. Our extraction procedure is based on the pioneering work of Lohka and Masui (1983) , who showed that gently homogenised amphibian eggs could support the assembly of sperm chromatin into structures closely resembling the male pronuclei formed in vivo after fertilisation. Lohka and Masui also noted that the synthetic nuclei incorporated [3H]thymidine, and subsequently entered a mitotic-like state. These observations suggested that it was possible to produce a cell-free system from amphibian eggs capable of supporting all the major cell-cycle activités in vitro.
Our subsequent work showed that similar cell-free extracts supported the efficient initiation and completion of a single round of semi-conservative replication in vitro. The initiation of replication forks in this system is dependent on the DNA template being assembled into functional nuclei in vitro. Replicated nuclei are only capable of undergoing a further round of semi-conservative replication once their nuclear envelope has been permeabilised, an event that normally occurs at mitosis in the cell cycle. These results have allowed us to propose a general model for the way that DNA replication is controlled within the eukaryotic cell cycle.
Materials and methods
Extracts were prepared as described by Blow and Laskey (1986), with the modifications described by Blow and Laskey (1988).
Flow cytom etry and use of biotinylated d U T P were as described by Blow and Watson (1987). Density substitution experiments were as described by Blow and Laskey (1986).
Procedures for re-replicating nuclei formed in vitro were as described by Blow and Laskey (1988).
Results

N u clear assem bly in the cell-free system
On fertilisation, the Xenopus egg emerges from its arrest at second meiotic metaphase, and enters interphase of the first cell cycle. The maternal and paternal chromosomes are then assembled into pronuclei prior to the onset of DNA synthesis (Graham, 1966) . Low-speed supernatants of crushed eggs can support the assembly of demembranated sperm chromatin into apparently normal pronuclei (Fig. 1; Lohka and Masui, 1983) . Under the electron microscope, these nuclei can be seen to be surrounded by a double unit envelope, studded w ith nuclear pores (L oh ka and M asui, 1983, 1984; Blow et al. 1987; Sheehan et al. 1988) . 
Initiation o f D N A replication in vitro
Sp erm chrom atin is efficiently replicated in these extracts (Blow and Laskey, 1986; H utchison et al. 1987) . A fter a pre-synthesis lag of about 1 h, 7 0 -1 0 0 % of the tem plate D N A is replicated over 4 -6 h (Blow and Laskey, 1986) . T h e pre-synthesis lag corresponds approxim ately to the tim e required for com plete nuclear envelope form ation (Blow and Laskey, 1986) . T h e lack of heavy/heavy D N A in F ig . 2 shows that no sperm chrom atin is re replicated in a single incubation in vitro. Since replication in this system is efficient, and initiation events occur over a period of more than 2 h , a significant am ount of re replicated D N A would be expected after 6 h if initiation events occur on all stretches of D N A w ith equal probability. T h e lack of re-replication m eans that the extract is in some way able to distinguish replicated from unreplicated D N A to perm it initiation only on the form er. T h is m irrors the way that eukaryotic cells control initiation to prevent re-replication in a single cell cycle.
L ik e the in tact egg (H arland and Laskey, 1980) , the cell-free system also replicates naked D N A introduced into it (Blow and Laskey, 1986; Blow et al. 1987) . A fter a pre-synthesis lag sim ilar to that seen w ith sperm chrom atin, plasm id D N A m olecules undergo sem i-conservative replication in vitro (F ig . 3 ; Blow and Laskey, 1986) . As w ith sperm chrom atin, replication is usually lim ited to a single round in each incubation. G enuine initiation (rather than elongation from pre-form ed prim ers) is dem onstrated by the ability of the extract to re-replicate D N A under certain circum stances (see below ). R eplication of naked D N A is less efficient (less than 40 % replication) than that of sperm ch rom atin; larger naked D N A tem plates replicate m ore efficiently in vitro, as they do in vivo (M ech ali and K earsey, 1984) .
Replication is d ep en dent on n u clea r assem bly
W hen the extract is divided into soluble and vesicular com ponents, neither fraction is capable of assem bling nuclei from sperm chrom atin (Lohka and M asui, 1984) or synthesis and biotin incorporation cease, consistent with the density substitution experiments (Fig. 2) .
Most nuclei in Fig. 4C are either haploid or diploid, with a relatively small proportion in 'S phase' in between. This shows that individual nuclei replicate relatively fast in vitro (1 h on average). However, different nuclei start to replicate ('enter S phase') at different times over more than 1.5 h, although they all share the same cytoplasmic environment. This is consistent with density substitution exper iments (e.g. Fig. 2 ) that show initiation occurring over a period greater than 2h . The asynchrony of entry into S phase is likely to be due to asynchrony of nuclear formation (Blow and Laskey, 1986) .
Pulse labelling nuclei with biotin-11-dUTP shows that as nuclei enter S phase, each one undergoes a burst of about 100000 synchronous or near-synchronous initiations (Blow and Watson, 1987) . However, different nuclei in the same egg extract undergo this burst of initiations at different times. Some signal must apparently act locally throughout a single nucleus to co-ordinate this burst. This signal could plausibly be the accumulation of a soluble nuclear protein within the nucleus once nuclear envelope formation is complete. These results demonstrate that nuclear organisation is a fundamental component of DNA replication control in this system.
Entry into mitosis in vitro
When the cell-free extract is permitted to synthesise protein in vitro, it is capable of passing into a mitosis-like state (Lohka and Masui, 1983; Hutchison et al. 1987 Hutchison et al. , 1988 Blow and Laskey, 1988) . Fig. 5 shows a typical timecourse of these events in vitro. Most nuclei have been assembled by 1 h (Fig. 5a-d ) , and DNA synthesis then occurs over the next 2h (Fig. 5e-h ). If protein synthesis is prevented by cycloheximide, replicated nuclei remain in a Gz (interphase) state (Fig. 5i,j) . However, if protein synthesis is permitted in vitro, after 4 -5 h the chromatin condenses and the nuclear envelope disappears (Fig. 5k,1 ). Hutchison and colleagues have refined extract preparation so that extracts can pass through several cell cycles in vitro (Hutchison et al. 1987 (Hutchison et al. , 1988 . These extracts can oscillate between interphase and mitosis on a time scale very close to that of the oscillation in vivo. Minshull et al. (1989) have shown that synthesis of cyclin protein in vitro is required for the extract to pass from interphase into mitosis.
The prevention o f re-replication
Why doesn't DNA replicate a second time in the cell-free system? Fig. 6 shows that this is due to some feature of replicated nuclei (Blow and Laskey, 1988) . In this experiment sperm nuclei were incubated in vitro for various periods, then isolated and incubated in fresh extract. BrdU TP density substitution was then used to determine whether DNA that replicated in the first extract could be re-replicated in the second extract. When intact nuclei are transferred from extract in interphase, the replicated DNA is incapable of re-replication in fresh extract. However, once the extract has passed into mitosis, the chromosomes transferred to fresh extract become y. y. Blow et al. A num ber of different changes occur to D N A during m itosis, such as nuclear envelope breakdow n, chrom atin condensation and histone phosphorylation. F ig . 7
shows experim ents to determ ine w hich of these m itotic features is capable of allowing D N A to re-replicate in the cell-free system . Sp erm chrom atin was replicated in vitro in the presence of cyclohexim ide to m aintain the D N A in interphase nuclei. T h e se nuclei were then isolated, given various treatm ents, and then assayed for their ability to re-replicate in fresh extract. T reatm en ts that caused perm eabilisation of the nuclear envelope, such as puncturing it with lysolecithin (F ig . 7 D ) or digesting it with phospholipase (F ig . 7 E ), perm itted a significant num ber of interphase nuclei to re-replicate in fresh extract. T reatm en ts that do not perm eabilise the nuclear envelope, such as phosphatase treatm ent (F ig . 7 F ) , leave the nuclei still unable to re replicate. T h e perm eabilised nuclei are re-assem bled in the fresh extract before re replication occurs. T h e se results show that the periodic assem bly and disassem bly of the nuclear envelope plays a m ajor part in controlling D N A replication w ithin the eukaryotic cell cycle. (Blow and Laskey, 1986) . L ike the intact egg (H arland and Laskey, 1980; M echali and K earsey, 1984) , the egg extract can replicate plasmid D N A m olecules w ithout requiring special D N A sequences (Blow and Laskey, 1986; Blow et al. 1987) . B efore initiation occurs, the tem plate m ust be assem bled into a functional nucleus by the cell-free system (Blow and Laskey, 1986; N ew port, 1987; H utchison, 1987; Blow and W atson, 1987; Sheehan et al. 1988; Blow et al. 1988 ).
R eplicated nuclei are not capable of re-replication until the nuclear envelope has been perm eabilised in some way (Blow and Laskey, 1988) . T h is im plies that D N A replication is controlled in this system by the com partm entalisation of replication factors betw een nucleus and cytoplasm . A simple model for how this could work is outlined in F ig . 8.
An essential initiation factor(s) w hich we call L icen cin g F a cto r binds to D N A when it is added to the egg extract; in vivo, this would happen when the nuclear envelope is broken down at m itosis (F ig . 8A ). Initiation of replication does not occur at this stage since the tem plate D N A is not in a nucleus. T h e n ext stage (F ig . 8 B ) is nuclear assem bly. L icen cin g F acto r is unable to cross the nuclear envelope, so that it is present in the nucleus only w here bound to D N A . A t som e stage after the T im e o f tra n sfer (h) Fig. 6 . The ability of replicated DNA to re-replicate when added to fresh extract changes with time and depends on protein synthesis. Demembranated Xenopus sperm nuclei were incubated in egg extract with BrdU TP and [ar-32P]dATP for 1 -5 h; nuclei were then isolated and added to fresh extract containing B rdU TP, where they were incubated for a further 5 h. DNA was isolated and fractionated on CsCl density gradients. The proportion of re-replicated (HH) DNA was then measured. 
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com pletion of nuclear assem bly, some signal spreads throughout the in tran u cb ar environm ent (F ig . 8C ) causing a burst of initiation events at sites of bound L icen cin g F acto r (F ig . 8 D ; Blow and W atson, 1987) . L icen cin g F a cto r is capable of supporting a single initiation event, after w hich it is inactivated or destroyed.
T h erefo re once the D N A w ithin the nucleus has fully replicated, there is no m ore L icen cin g F acto r w ithin the nucleus. L icen cin g F a cto r still present in the cytoplasm cannot gain access to the D N A until the nuclear envelope is perm eabilised, a process norm ally taking place during m itosis.
Slightly m ore com plicated versions of this com partm entalisation theory can be devised w hereby an inhibitor of replication builds up in the nucleus, and can only be 
